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Bioreactor Operations Trajectory 
• The Bioreactor Operations Trajectory (BOT) specifies 
the trajectory of initial and inlet variables which produces 
the desired values of the bioreactor outlet variables, i.e. 
product concentration (activity) and amount within a 
reasonably short time. 
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Goals of Bioreactor Operation 
Mitigate the risk of bioreactor operation:  
• Bioreactor Monitoring Problem: Detection of deviations from the BOT. 
 
Ensure reproducible operation: 
• Bioreactor Control Problem: Implementation of control actions to reject 
inter- and intrarun disturbances. 
– Open Loop Bioreactor Control Problem: Implementation of control actions 
to reject deviations in abiotic and nutrient supply variables 
– Closed Loop Bioreactor Control Problem: Implementation of control 
actions on limiting nutrient supply variable(-s) to enable rejection of 
deviations based on feedback of biological variable(-s) and/or limiting 
abiotic variables. 
 
Harvest the provided opportunity: 
• Bioreactor Optimization Problem: Optimization of the BOT based upon 
feedback from recent cultivation runs. 
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Levels of abstraction 
Representing System Requirements: Objective heteraki 
 
Representing System Knowledge: 
• Selection of a proper level of abstraction plays an 
important role in model building: 
– Spatial structure (the anatomy), many levels of detail possible 
– Behaviour (dynamics), several levels of temporal resolution 
possible 
• Alternatively, levels can be distinguished according to 
the functional organisation of a system 
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System Decomposition 
• Describe the system as a goal directed system 
• Decompose the system into functional 
subsystems, such that each subsystem 
provides the means for its super-ordinate 
system 
• Thereby many levels of details can be 
encompassed – hence providing a systematic 
knowledge representation for multiscale 
modelling 
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The interpretation problem 
• (Bio-)systems: a subsystem might serve many 
functions (e.g. protein: a catalyst or a separation 
agent) 
• The function of a subsystem is defined relative to: 
– other subsystems 
– the purpose of the system of which the 
subsystems are the parts 
• Knowledge about functional organisation of a 
system is prerequisite for the formulation of a 
model, e.g. as ODEs describing the system 
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Modelling Paradigm 
• To combine the process requirements and the 
functional behaviour points to a need for a 
suitable modelling paradigm!  
• With such a modelling paradigm suitable 
workflows can be formulated! 
• How is that accomplished?  
–  What is there and what needs to be developed!  
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Functional modelling  
 Ends
Means
Purpose
Function
Behaviour
Structure
Why the system is there 
What the system does 
How the system does it 
This type of system analysis is means-end analysis or  
functional modelling which enables causal reasoning. 
It is based upon theory of actions!  Lind (1994) 
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Introduction to Multilevel Flow Modelling (MFM) 
Reasoning and causal relations 
Lind (1994) 
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U-Loop Fermentor 
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Methylococus capsulatus 
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Stoichiometry 
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U-Loop representations 
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Functional Model 
   suspension medium: 
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Functional Model 
Functional Model 
     Oxygen:  
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Functional Model 
Functional Model 
   Biomass growth 
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Functional Model 
 Growth associated base production 
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Heat release and cooling 
Functional Model 
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Functional Model 
 
C   A   P  E  C 
26-27´th January 2012 21 
Functional Model with control Loops 
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Feasible Start-up Procedure 
1. Start water filling 
2. Start cirkulation pump and maintain flow rate at desired value 
3. Start heating with temperature control 
4. when sufficient flow rate and desired temperature are obtained 
1. Supply oxygen 
2. Add seed 
3. Start adding substrate (in ratio to oxygen feed rate, see step 4e) 
4. Start pH control with acid addition rate as actuator 
5. Start biomass concentration control using oxygen supply rate 
actuator. Substrate flow rate ratioed as slave.  
6. When desired biomass concentration rate is achieved start 
harvesting to maintain desired volume if not before. 
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Desired Operational Functionality 
• Ensure reproducible start-up procedure 
• Continuous operation goal: Achieve high 
productivity of biomass with high protein content  
– This implies that the bioreactor should produce 
biomass without too high a biomass concentration 
which would limit oxygen transfer (Viscocity increases 
linearly with biomass concentration) 
• Optimizing Control goal: Maximize productivity given 
information from recent run(-s) 
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Problem framing 
• The qualitative knowledge provided by the 
functional model has facilitated the problem 
framing!  
– Provided the structure for the control loops and action 
conditions for the abiotic and nutrient supply control 
loops. From this the PLC program can be generated. 
– The structure for the operational control layer, ensuring 
goal fulfilment  follows from the operational goals, be it:  
• Start-up and/or 
• Continuous operation 
• For these purposes a multivariable control configuration follows 
– Note: Monitoring system design follows directly from 
monitoring goal fulfilment  
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Conclusions  
Functional Modelling provides a unified framework for 
qualitatively combining: 
Many levels of abstraction, incl. multilayered granularity 
Thus facilitating: 
 PLC programming 
 Risk management (HAZOP-Assistant) 
 Monitoring System design 
 Operator communication   
Control Problem Definition from PLC to Optimizing Control 
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